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We compared the numbers of nucleotide substitutions occurring in the non-coding regions and coding regions of Ebola virus 
genomes and found that non-coding regions contain indispensable phylogenetic and evolutionary information. The omission of 
genetic data from non-coding regions can lead to unreliable phylogenies and inaccurate estimates of evolutionary parameters. 
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In March 2014, the World Health Organization (WHO) was 
notified of an Ebola virus (EBOV) outbreak in Guinea [1]. 
To March 15, 2015, there are 24,701 confirmed, suspected 
or probable cases in nine countries (Guinea, Liberia, Sierra 
Leone, Mali, Nigeria, Senegal, Spain, United Kingdom and 
the United States of America), with a total of 10,179 deaths 
in the first three West African countries experiencing wide-
spread and intense transmission (http://apps.who.int/ebola/ 
current-situation/ebola-situation-report-18-march-2015). 
1  Materials and methods 
Full-length EBOV genomes identified from the 2014 West 
African outbreak (n=81; 78 from Sierra Leone and three 
from Guinea) and previously identified EBOV genomes 
(n=26) were downloaded from GenBank and aligned using 
ClustalOmega [2] (Table S1 in Supporting Information). 
The alignment was 18,960 bp in length.  
To gain insight into whether the nucleotide substitutions 
in the non-coding regions bear phylogenetic and evolution-
ary information, we compiled three different datasets, the 
full-length genome sequences of EBOV, concatenated cod-
ing regions, and the glycoprotein (GP) sequences. The GP 
protein of EBOV is responsible for receptor binding and 
fusion of the viral and cellular membranes. Recently, it has 
been reported to be able to mediate the level of certain mi-
croRNAs [3], which could be served as potential targets for 
Ebola drugs. Phylogenic analyses were performed using a 
Bayesian evolutionary analysis by sampling trees (Beast) 
approach [4], and 24 different combinations of molecular 
clock models (n=3) and coalescent models (n=8) were ap-
plied (Table S2 in Supporting Information). Fifty million 
steps were run and the first five million steps were removed 
as burn-in. Results obtained from different model combina-
tions were compared using Bayes factor estimator of the 
marginal likelihood [5]. Maximum clade credibility trees 
were generated using TreeAnnotator v1.8 with a burn-in 
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rate of 10%. Statistical analyses were performed using the 
Wilcoxon rank-sum test. 
2  Results and discussion 
Previous studies have revealed that EBOV formed a “lad-
der-like” phylogenetic structure and viruses collected from 
different time points clustered together comprising each 
“ladder”/clade of the tree [6]. In addition, the 2014 EBOV 
variants from West Africa formed a novel discrete clade in 
the phylogenetic tree [7]. Based on collection times, we 
classified the 107 sequences into five groups: 1976, 1995, 
2002, 2007 and 2014. Nucleotide substitution events were 
compared with the adjacent groups (Table 1) and we found 
that nucleotide substitutions occurring in the non-coding 
regions accounted for 34.8% of all nucleotide mutations 
occurring between groups 1976 and 1995. The percentages 
of nucleotide substitutions occurring in the non-coding re-
gions between other groups were even higher (Table 1). In 
particular, from group 1996 to group 2002, approximately 
41% (172 out of 422) of the nucleotide mutations occurred 
in the non-coding regions (Table 1). 
Bayes factor tests failed to support the results calculated 
using the strict clock model (Tables S3S5 in Supporting 
Information). Therefore, only results obtained using the 
exponential relaxed clock and lognormal relaxed clock were 
further analyzed. Our phylogenetic analysis also revealed a 
“ladder-like” phylogenetic structure (Figure 1A), consistent 
with previous studies [6,7]. Sequences in the discrete line-
ages shown in Figure 1A corresponded well to those of the 
groupings in the first step. However, with regards to the 
higher resolution phylogenetic classification of the EBOV 
identified from Sierra Leone and Guinea in the ongoing  
2014 outbreaks, our phylogenetic analysis revealed four 
distinct phylogenetic topologies (Figure 1BE). In Figure 
1B, the three EBOVs from Guinea formed a cluster pa-
raphyletic to the cluster consisting of 78 EBOV identified in 
Sierra Leone in 2014, which suggested that introduction of 
the viruses into Guinea and Sierra Leone might be not re-
lated. In Figure 1CE, although the three phylogenetic 
structures were slightly different in placing the three viruses 
from Guinea, all of them supported that the EBOV respon-
sible for the Sierra Leone outbreak stemmed from those of 
Guinea. However, based on current surveillance data, the 
2014 EBOV outbreak first emerged in Guinea in March, 
2014 [1,7]. The first 12 patients with EBOV from Sierra 
Leone were believed to have attended the funeral of an 
Ebola virus disease case from Guinea [7]. Therefore, the 
phylogeny displayed in Figure 1B was not concordant with 
surveillance data, whereas phylogenies revealed in Figure 
1CE were generally consistent with surveillance data. 
We next compared the phylogenies obtained using the 
exponential relaxed clock and lognormal relaxed clock (Ta-
ble 2). As can be seen from Table 2, phylogenies obtained 
from 12 out of 16 phylogenetic trees calculated using the 
full-length EBOV genome sequences were in agreement 
with surveillance data. However, none of the 16 phyloge-
netic trees estimated using only the coding regions was able 
to reproduce the phylogenies and viral transmission data 
obtained from whole-genome and epidemiological analyses 
during the 2014 outbreak. With regards to the analysis 
based on the GP encoding region, six out of 16 phylogenetic 
trees supported the Sierra Leone outbreak stemmed from the 
Guinea outbreak. Therefore, it is apparent that only where 
the full-length EBOV genome sequences were employed 
that phylogenies could be obtained to reveal the actual evo-
lutionary history and transmission route of the 2014 EBOV 
Table 1  Distribution of the nucleotide substitution events across the full-length EBOV genome from 1976 to 2014 










3′ terminus→NP 1 469 3 12 16 23 
NP→VP35 2,690 3,128 3 15 8 12 
VP35→VP40 4,152 4,478 3 13 11 9 
VP40→GP 5,460 6,038 11 36 31 32 
GP→VP30 8,069 8,508 4 17 8 22 
VP30→VP24 9,376 10,344 14 38 38 44 
VP24→L 11,101 11,580 5 15 11 16 
L→5′ terminus 18,220 18,959 11 26 20 40 
Sum    54 172 143 198 
Coding regions 
NP 470 2,689 27 35 41 55 
VP35 3,129 4,151 4 15 21 16 
VP40 4,479 5,459 7 15 13 15 
GP 6,039 8,068 20 45 45 54 
VP30 8,509 9,375 2 13 13 9 
VP24 10,345 11,100 3 13 12 18 
L 11,581 18,219 38 114 113 166 
Sum    101 250 258 333 
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Figure 1  Panel A represents a schematic phylogenetic structure of EBOV. The black box of 2014 means the phylogenetic classification of the EBOV iden-
tified in the 2014 outbreak remains uncertain. Panels BE display the four different phylogenetic topologies regarding the phylogenetic classification of the 
EBOV identified in the 2014 outbreak. 
Table 2  Phylogenetic structures for EBOV genomes obtained from different model combinations and datasets 
Model combinations Datasets 
Molecular clock model Coalescent model Full-length genome sequences Concatenated coding regions GP 
Uncorrelated exponential 
relaxed clock 
Constant size Figure 1B Figure 1B Figure 1B 
Exponential growth Figure 1C Figure 1B Figure 1B 
Logistic growth Figure 1C Figure 1B Figure 1B 
Expansion growth Figure 1C Figure 1B Figure 1D 
Bayesian skyline Figure 1C Figure 1B Figure 1E 
Extended Bayesian skyline plot Figure 1C Figure 1B Figure 1E 
GMRF Bayesian skyride Figure 1B Figure 1B Figure 1B 
Bayesian SkyGrid Figure 1B Figure 1B Figure 1B 
Uncorrelated lognormal 
relaxed clock 
Constant size Figure 1C Figure 1B Figure 1B 
Exponential growth Figure 1C Figure 1B Figure 1B 
Logistic growth Figure 1C Figure 1B Figure 1B 
Expansion growth Figure 1C Figure 1B Figure 1B 
Bayesian skyline Figure 1D Figure 1B Figure 1D 
Extended Bayesian skyline plot Figure 1C Figure 1B Figure 1E 
GMRF Bayesian skyride Figure 1B Figure 1B Figure 1B 
Bayesian SkyGrid Figure 1C Figure 1B Figure 1D 
 
outbreak. 
It should be noted that the topology in Figure 1E has 
been reported in a previous study; however, the posterior 
probability to support this phylogeny was only 0.73 [7]. In 
our analyses, only using model combinations to calculate 
the GP dataset could we obtain this scenario. However, 
when the full length genome sequences were used, 11 out of 
16 phylogenetic trees were Figure 1C-like, some of which 
gained higher support from Bayes factor test. Therefore, 
uncertainty still existed to some degree regarding the pre-
cise phylogenetic classification of the three Guinean vari-
ants and the transmission of the novel EBOV from Guinea 
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to Sierra Leone. 
We then compared three evolutionary parameters esti-
mated from different model combinations from different 
datasets: mean rate of EBOV, Kappa, and time to the most 
recent common ancestor (tMRCA) for the 2014 EBOV (Ta-
ble S6 in Supporting Information). Mean rate (also named 
as μ) was used to compare the evolutionary rate [8,9] and 
Kappa (also named as κ) denotes the transition/transversion 
ratio. Both of them are important evolutionary parameters in 
several bioinformatics and evolutionary programs [10,11]. 
The estimate of tMRCA is often used to date the origin and 
transmission of a viral pathogen [7,12,13]. As values of the 
three parameters calculated using the Gaussian Markov 
random field (GMRF) Bayesian skyride model clearly devi-
ated from the reasonable interval, they were removed from 
subsequent statistical analyses. 
Statistical analyses showed that the three parameters es-
timated from the full-length genome sequences were signif-
icantly different from those from the coding regions (Figure 
2). For the values calculated from the full-length genome 
sequences and GP sequences, they were significantly dif-
ferent in the kappa values, but not significantly different in 
mean rate and tMRCA (Figure 2). Therefore, the non-  
coding regions of the EBOV genome include indispensable 
evolutionary information and play an important role in es-
timating various evolutionary parameters. Neither the com-
plete coding regions nor the GP region alone could repro-
duce accurate estimates of evolutionary parameters derived 
from whole genome analysis. 
In summary, non-coding regions of EBOV genome con-
tain indispensable phylogenetic and evolutionary infor-
mation, and omitting nucleotide substitution information 
present in these regions can give rise to unreliable and even 
erroneous phylogenies and an inaccurate estimate of evolu-
tionary parameters. Therefore, full-length EBOV genome 
sequences are recommended for the purpose of phylogenet- 
ic analysis and calculation of evolutionary parameters. 
 
 
Figure 2  Wilcoxon rank-sum test for EBOV full-length genome versus 
sub-genomic fragment analysis of the three evolutionary parameters: mean 
rate, Kappa and tMRCA. 
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